Background Amotosalen/UVA-treated platelet concentrates (PCs) have demonstrated efficacy for treating and preventing bleeding in clinical trials and in routine use; however, most studies were performed in haematology/oncology patients. We investigated efficacy during massive transfusion (MT) in general hospitalized patients.
Introduction
In early 2013 the University Hospital, Innsbruck (UHI), Austria introduced universal pathogen reduction in whole blood (WB) buffy-coat (BC) and apheresis platelets with amotosalen/UVA light (INTERCEPT Blood System, Cerus Europe BV, Amersfoort, Netherlands) (IBS) to mitigate bacterial and other infectious risks and to replace gamma irradiation for prevention of transfusion-associated graftversus-host disease (TA-GVHD) [1] [2] [3] . Pathogen-reduced plasma was already in routine use. Amotosalen/UVA treatment is designed for the ex vivo preparation of pathogen-reduced whole blood-derived and apheresis PC, suspended either in plasma or plasma with platelet additive solution (PAS), and is intended to reduce the risk of transfusion-associated transmission of viruses, bacteria and parasites and prevent TA-GVHD. Amotosalen/UVAtreated PCs have demonstrated efficacy for treatment and prevention of bleeding in large randomized controlled clinical trials [4] [5] [6] . Efficacy and safety were confirmed under routine-use conditions, as reported to large national haemovigilance programmes and in industrysponsored postmarketing comparative effectiveness studies [7] [8] [9] [10] [11] [12] [13] [14] .
A recent commentary highlighted that most clinical studies for pathogen-reduced platelets have focused on haematology/oncology patients in which patients were primarily transfused to prevent rather than to treat active bleeding, raising the question whether amotosalen/UVAtreated platelets were effective at treating bleeding in acutely haemorrhaging patients [15] . This would be especially important for the trauma setting where the rapid transfusion of plasma, platelets and RBC is advocated [15] . The recently published PROPPR study [16] , a large randomized controlled trial that compared rapid transfusion of plasma, platelets and RBC in a 1:1:1 ratio versus a 1:1:2 ratio in trauma patients receiving MT, found no significant differences in mortality at 24 h or at 30 days. Exsanguination, which was the predominant cause of death within the first 24 h, was significantly decreased in the 1:1:1 group, and more patients in the 1:1:1 group achieved haemostasis than in the 1:1:2 group. Hess et al. hypothesized that the use of pathogen-reduced platelets and plasma in the trauma setting would cause patient harm from haemorrhage, due to an inferred decrease in component potency. In support, they quote an open-label, randomized controlled trial comparing the clinical effectiveness of BC-derived PC that found a lower corrected count increment (CCI) and increased, mostly low-grade, bleeding events in patients receiving amotosalen/UVAtreated PC [17] .
In response to this hypothesis, we evaluated whether the implementation of amotosalen/UVA-treated PC was associated with increased component usage, in-hospital mortality or delayed patient discharge for patients who received massive transfusions (MT), in a hospital where amotosalen/UVA-treated platelets were the only available type of PC.
Materials and methods
Amotosalen/UVA treatment of all PCs was implemented between January and March 2013 at the University Hospital, Innsbruck (UHI), a large Austrian academic medical centre, which supports active trauma, transplant and cardiac surgery programmes [1] . In a retrospective, two-treatment period, observational study, we analysed transfusion data for all patients who received a massive transfusion (MT), defined as ≥1 PC and ≥10 red blood cell concentrates (RBCs) on a single calendar day, for 21 months before (pre-IBS: 1 April 2011-31 December 2012) and after (post-IBS: 1 April 2013-31 December 2014) full implementation of amotosalen/UVA treatment of PC. In general, an MT event was defined within a single calendar day; however, 11 patients received MT on 2 consecutive days and their component use was totalled and analysed as a single MT event. Twelve patients had MT events on 2 or 3 non-consecutive days, and only the first MT event was considered in the subsequent analysis; however, for two patients these separate events occurred within 7 days and so their component use data are included in the 7-day component usage statistics (Table 1) .
Physicians ordered blood components according to the institutional guidelines, which were the same in both periods. In general, clinical transfusion triggers did not change over the two periods of the study, except that thromboelastometry (ROTEM, Tem International GmbH, M€ unchen, Germany) was increasingly used as a basis for evaluating coagulation status and the need for transfusion in cardiac surgical patients during the second study period.
All recipients of blood components were included for analysis in both observation periods. Patient demographics and component characteristics were extracted from the blood bank electronic medical records. Patient Table 1 Patient demographics of all patients receiving ≥1PC and ≥10 RBC components on a single day in the 21 months before (pre-IBS) and 21 months after (post-IBS) implementation of amotosalen/UVA treatment of all platelets. There were no significant differences in the patient populations pre-and post-IBS implementation (P > 0Á05)
Demographics
Pre-IBS Post-IBS outcomes for date of in-hospital death or discharge were extracted from the hospital electronic medical records by two local investigators (WN, MA). Plasma was prepared as quarantined plasma, methylene blue-treated plasma (Macopharma, Tourcoing, France) or solvent detergent plasma (Octaplas, Octapharma, Wien, Austria) in both study periods. The mean content of a dose of both apheresis and WB-derived platelets was~3Á0 9 10 11 /component for both periods, although the actual transfused platelet dose was not recorded. Average PC counts before amotosalen/UVA treatment and changes in the proportion of apheresis and BC PC transfused are described in Amato et al.
[1].
Collection and preparation of PC
Platelet components were collected on Trima (Terumo BCT, Zaventem, Belgium) or Amicus (Fresenius Kabi, Bad Homberg, Germany) apheresis separators or prepared from pools of five BC concentrates separated from WB collections after room temperature overnight storage. All final components were leucocyte-reduced and suspended in approximately 35% plasma and 65% SSP+ PAS (Macopharma, Tourcoing, France) during both periods. During the first period, apheresis and BC platelet pools were subjected to gamma irradiation when requested by clinical care physicians and universally screened for bacterial contamination using the BacT/ALERT culture system (bioMerieux, Marcy-I'Etoile, France). For PC still in inventory on day 4, shelf life was extended following BacT/ALERT reculture, allowing for relabelling with a 7-day shelf life on day 5.
For amotosalen/UVA treatment in the second period, PCs containing 2Á5-8Á0 9 10 11 platelets were treated with amotosalen (nominal final concentration 150 lM) and 3 J/cm 2 UVA according to the manufacturer's instructions for use, followed by incubation on a compound absorption device (CAD) for 6-16 h depending on production schedules. Apheresis components were generally treated on the day of collection (day 0), and products were released into inventory the next day on receipt of the viral testing results. For BC pools, amotosalen/UVA treatment was performed immediately after BC pool preparation on the day after collection and the PC could be released into inventory after CAD incubation on day 2 or 3. Amotosalen/UVA-treated PCs were stored for up to 7 days before transfusion [5] . Gamma irradiation and bacterial culture screening were not performed during the second period. Viral marker testing was not changed after amotosalen/UVA implementation. (34), while 51 (16Á7%) patients were treated for trauma. The remaining 65 (21Á2%) patients were admitted for a variety of medical and surgical conditions. There was no difference in the patient demographics comparing the pre-IBS and post-IBS implementation populations (Table 1) . Component use on the day of the MT event was similar pre-and post-IBS implementation, except that trauma patients used fewer RBC post-IBS (Table 2a ). The mean ratio of RBC: platelets: plasma was close to 1:1:1 in both periods [16] , except for liver transplant patients who used a disproportionate amount of plasma components compared with RBC and PC in both periods. Considering component usage in the 7 days following the MT event, there were again no differences in blood component usage, with the exception that 'other medical or surgical patients' utilized significantly fewer RBCs in the pre-IBS period (Table 2b) .
Statistical analysis
The proportion of patients with in-hospital mortality (%) or median time to discharge from the first MT event did not change after implementation of IBS, except for cardiac and vascular surgery patients who were discharged earlier in the post-IBS period (Table 3) . Likewise, Kaplan-Meier survival analysis showed no difference in time to in-hospital mortality after the implementation of IBS for all ( Fig. 1a ; P = 0Á58) or any subset of patients (Table 3) . Indeed, the trend favoured a decrease in in-hospital mortality in the post-IBS implementation period (Fig. 1a) . Similarly Kaplan-Meier analysis showed no difference in the overall time to patient discharge for surviving patients ( Fig. 1b ; P = 0Á37).
Discussion
The UHI implemented universal pathogen reduction in all PCs in 2013, using the amotosalen/UVA treatment process. A previously reported comparative effectiveness analysis of overall blood component usage in the entire hospital for 21 months before (pre-IBS) and after implementation (post-IBS) showed that the mean numbers of PC transfused per patient (4Á8 vs. 4Á5, P = 0Á44) were not different, but days of PC support (5Á9 vs. 5Á0, P = 0Á05) decreased in the second period [1] . Most patients who received PC also received RBC (86Á8% pre-IBS vs. 84Á8% post-IBS, P = 0Á10) with similar mean numbers transfused (10Á8 vs. 10Á2 RBC, P = 0Á22), and fewer patients (55Á4% pre-IBS vs. 44Á7% post-IBS, P < 0Á01) received plasma and less plasma units per patient (mean 9Á9 vs. 7Á8, respectively, P < 0Á01) after implementation of amotosalen/UVA treatment. Analysis of haematology-oncology ( In the same clinical centre, we now demonstrate that the implementation of amotosalen/UVA-treated PC did not adversely affect rates of transfusion in 1 and 7 days, length of stay and mortality in patients who received MT, defined as ≥1PC plus ≥10 RBCs on a single calendar day. MTs were most frequently related to liver transplantation and cardiac and vascular surgeries in both periods. Liver transplants are usually elective procedures in patients with an underlying coagulopathy related to liver dysfunction. While most liver transplants do not require MT [13], the major vascular anastomoses necessary and the unavoidable exacerbation of coagulopathy related to the anhepatic phase of transplantation surgery cause these patients to be at high risk of excessive bleeding. While plasma transfusion is critical to replace coagulation factors synthesized in the liver, platelets also play an important role in achieving haemostasis. The low overall inhospital mortality rate [4/93 patients (4Á3%)] despite the need for MT is reflective of the elective nature of liver transplant surgery, and speaks to the effectiveness of massive transfusion strategies that now include pathogenreduced PC. A similar study previously showed that plasma treated with the amotosalen/UVA process was equivalent to conventional plasma in the liver transplantation setting [13] .
Cardiac and vascular surgeries, likewise, included elective, urgent and emergent surgery; however, the overall in-hospital mortality of 33/97 (34Á0%) patients for both periods who received MT is indicative of the mostly emergent nature of the MT events. Similar mortality rates were evident for the trauma (20/51 patients; 39Á2%) and 'other medical and surgical' (22/65; 33Á8%) patients. While we observed no clinically significant differences in blood component usage, in-hospital mortality or time to discharge before or after implementation of amotosalen/UVA-treated PC, these data are consistent with the expected high mortality associated with MT in general, outside of the liver transplantation setting.
Recent experiences with MT for combat trauma have highlighted the need for aggressive resuscitation with a combination of plasma, platelets and RBC, with a minimization of the use of crystalloids [18] [19] [20] [21] [22] [23] . Multiple retrospective analyses have reinforced the notion of the use of 'massive transfusion protocols' (MTP) that incorporate the ready availability of thawed or liquid plasma and platelets in the emergency room, or even during prehospital ambulance or helicopter transport. These findings have been encapsulated in the recommendation for the use of a balanced ratio of plasma, platelets and RBC early in the treatment of trauma requiring MT. Although the PROPPR randomized controlled clinical trial did not find a difference in 24-h and 30-day mortality when comparing a 1:1:1 with a 1:1:2 ratio, it did support the efficacy of the 1:1:1 protocol for prevention of early exsanguination and effective haemostasis [16] . Hess et al. extrapolated from these findings and hypothesized that the potency of platelet and plasma components -measured by surrogates such as CCI -is critical to patient outcomes in MT associated with trauma, further suggesting losses due to pathogen reduction treatment may reduce component potency and compromise patient safety [15] . Our clinical observations reported here for amotosalen/UVAtreated platelets in the MT setting argue strongly against this hypothesis and instead support the safety and efficacy of these components in patients requiring MT. Furthermore, the comparative effectiveness studies of amotosalen/UVA-treated and conventional plasma in general liver transplantation, including those that required MT, similarly suggested that pathogen reduction in plasma did not adversely affect outcomes [13] . While our study included only a small number of trauma patients, the high mortality in all non-liver transplant patients with MT supports a similar haemorrhagic risk profile as is seen in trauma.
Comparative effectiveness studies with a retrospective cohort design have inherent limitations, as they cannot fully describe all potential confounding factors that may have changed over the duration of the study, including disparities in the patient populations between the two time periods or individual physician practice. Changes in clinical practice such as reduced crystalloid use, as well as possible increased use of fibrinogen concentrates and tranexamic acid in massive bleeding, could not be accounted for. Nevertheless, the two time periods were contiguous, likely minimizing the risk of changes in clinical practice. Ordering clinicians may have been aware of the change in the nature of the PC being transfused in the second period; however, there is no indication that they ordered more or fewer components on that basis. Ours was a single institution study of modest size that needs to be confirmed in more patients at multiple institutions, but did include all physicians treating MT patients within our institution, allowing for variation in practice. To avoid selection bias, we arbitrarily defined MT by calendar day and not by a running 24-h period; nevertheless, the same rigorous definition was used in both time periods. Massive transfusions are challenging to study in a prospective fashion and few randomized studies have compared blood products utilization in this setting, making our study unique. In conclusion, our analysis suggests that amotosalen/UVA-treated PCs are efficacious in the MT setting, while also providing the added advantage of helping to protect patients from transfusion-transmitted infections who by definition receive many donor exposures.
